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Hadronen- und Kernphysik: Das macht unser Leben erst möglich

Mehr als 99,9 Prozent der Masse der Materie sind in den Kernen der Atome konzentriert. Soweit wir heute wissen, gibt es weniger als 300
Atomkerne, die stabil sind, das heißt, die keinen Zerfallsprozessen unterliegen. Sie sind damit die entscheidenden Bausteine für die Struktur
unserer Welt. Die im Inneren der Sterne zwischen den Atomkernen ablaufenden Reaktionen liefern die Energie, die unser Leben erst möglich
gemacht hat. Sie sind die Ursache für die Entstehung der chemischen Elemente.

Die kleinsten Bausteine der Welt

Mit der Suche nach neuen Elementen forschen Wissenschaftler nach einem tieferen Verständnis der Struktur der Kernmaterie. Sie gehen damit der uralten Frage
nach, aus welchen kleinsten Bausteinen die Welt, in der wir leben, zusammengesetzt ist. Das schwerste bislang anerkannte chemische Element wurde von Forschern
der Gesellschaft für Schwerionenforschung (GSI) in Darmstadt erstmals 1994 erzeugt und nachgwiesen. Das mit der Ordnungszahl 111 in das Periodensystem der
Elemente eingeordnete neue Element hat auch einen Namen: Bundesforschungsministerin Annette Schavan taufte am 17. November 2006 in Darmstadt das neue
Element auf den Namen Roentgenium.

Atomkerne sind aus Nukleonen (allgemein Hadronen) zusammengesetzt, die sich wiederum aus noch kleineren Teilchen, den Quarks und Gluonen aufbauen. Die
Grenzen des Übergangs von Quarks und Gluonen zu Hadronen und dann zu Kernen sind jeweils fließend und immer noch nicht voll erforscht. Die Hadronen- und
Kernphysik hat deshalb noch viele Fragen zu beantworten:

Warum lassen sich keine isolierten Quarks beobachten?

Wie sieht der Phasenübergang vom Quark-Gluon-Plasma zu Hadronen aus?

Woher kommt die Masse der Nukleonen?

Warum ist die Ladung des komplexen Protons absolut gleich der Ladung des Elektrons?

Wie kommt der Eigendrehimpuls der Nukleonen zustande?

Welche Kernreaktion laufen bei der Nukleosynthese im Kosmos ab?

Welche Eigenschaften hat Kernmaterie unter extremen Bedingungen, z. B. in Neutronensternen?

Wo sind die Grenzen der Existenz von Atomkernen?

Welche fundamentalen Symmetrien sind in der Natur realisiert?

Wie groß ist die absolute Masse des Neutrinos?

 

Geförderte Großgeräte:

Gesellschaft für Schwerionenforschung (GSI), Darmstadt

UNILAC: UNIversal Linear ACcelerator

SIS18: Schwerionen-Synchrotron

ESR: Experimentier-Speicherring

Gekühlte Ionenstrahlen aller Elemente bis zum Uran, radioaktive Sekundärstrahlen, Pionen-Strahl

Experimentieranlagen: (HADES, FOPI, RISING, AGATA, FRS, SHIP, SHIPTRAP, Schwerionen-Tumortherapie)

Forschungszentrum Jülich (FZJ)

COSY: COoler SYnchrotron, polarisierte, gekühlte Protonen- und Deuteronen-Strahlen

Deutsches Elektronen-Synchrotron DESY, Hamburg
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FAIR – Facility for Antiproton and Ion Research 

7

 by the AFI working group and its expert sub-panel on  
 Full Costing Issues, FCI), STI, assisted by two cost  
 review panels, evaluated the costs for the accelerator  
 and experimental facilities, as well as for civil  
 construction. It also reviewed the operation costs for 
 the facility. The detailed results on costs and schedule  
 are specified in the Cost Book which was prepared  
 together with this BTR (with restricted and controlled  
 distribution). 

The specific mandate of the AFI Working Group and its 
sub-committees included:

• Development of, and recommendations on, an  
 adequate legal structure of FAIR: According to  
 the present considerations, FAIR will be organized  
 as a limited liability company based on German law  
 (GmbH, "Gesellschaft mit beschränkter Haftung").  
 The Fair GmbH is supposed to cooperate closely with  
 GSI for construction and operation of the FAIR facility  
 (on a contractual basis as will be the case with all  
 other participating institutions). In this way, optimal  
 use shall be made of the know-how and experience  
 existing at GSI and other partner laboratories.  

 Further details will be stipulated in the Convention,  
 Articles of Association, and the By-Laws under which  
 FAIR will be set up.

• Preparation of legal contracts for contributions to be  
 made by the partner countries: draft versions  
 for these contracts have been developed by the  
 AFI Working Group and the ISC, to be presented to  
 the respective governmental authorities in the  
 partner countries. 

In parallel to the preparatory activities coordinated by the 
FAIR committees, research and development for the FAIR 
accelerator and experimental facilities has considerably 
advanced. About 2500 scientists and engineers have 
been involved as authors in the preparation of the 
scientific and technical documents for FAIR. Particular 
emphasis on the accelerator side is on fast-cycling, super-
conducting magnets; ultra-high vacuum aspects for low 
charge-state operation; high-current beam operation 
and control; and on fast stochastic and (high-energy) 
electron cooling. Significant progress has been achieved 
and the principal feasibility of the proposed technical 
approaches have been demonstrated. Prototyping for 

Figure 1.1: Artists view of FAIR. The synchrotrons on the right will be located 10 to 13 m underground and will not be visible in reality. 
Most of the roofs will be vegetated and thus most of the facility will be hidden from view.

Executive Summary



FAIR 

02.07.2012 | Greatest Grant Notification of BMBF 
History for Particle Accelerator FAIR 

Parliamentary State Secretary Helge Braun presented FAIR today with the greatest 
grant notification for a research project in the history of the Federal Ministry of 
Education and Research (BMBF) of 526 million Euro and thus gave green light 
for the construction of the facility. 



High-energy radioactive beams at FAIR 

ELISe – 

Electron-Ion collider 

EXL - scattering 
experiments at internal 
gas targets 

ILIMA – mass 
measurements in 
storage rings  

Reactions with Relativistic 
Radioactive Beams 

Low-Energy Branch 
HiSPEC/DESPEC 
MATS, LASPEC 
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Reactions with Relativistic Radioactive Beams 

Superconducting  Dipole: 
Ready for installation in 2013 
Construction by CEA Saclay 

R3B GLAD 

R3B Start version 2016 

NeuLAND 



Quasi-free scattering in inverse kinematics  
with high-energy radioactive beams  

Quasi-free knockout reactions 
(p,2p), (p,pn), (p,2p,n), (p,pd) ,(p,pα) 
•  Evolution of Shell structure  
•  Nucleon-Nucleon Correlations 
                    (short-range, tensor, …) 
•  Cluster structure 
•  States beyond the neutron dripline 
 

state have been exchanged and this leads to the exchange of
the final (or initial) orbital labels j, m and j0, m0. Because
this process reflects a cancellation of the lowering of the
SPE, the contribution from Fig. 3(d) has to be repulsive for
two neutrons. Finally, we can rewrite Fig. 3(d) as the FM
3N force of Fig. 3(e), where the middle nucleon is summed
over core nucleons. The importance of the cancellation
between Figs. 3(a) and 3(e) was recognized for nuclear
matter in Ref. [21].

The process in Fig. 3(d) corresponds to a two-valence-
neutron monopole interaction, schematically illustrated in
Fig. 4(d). The resulting SPE evolution is shown in Fig. 2(c)

for the G matrix formalism, where a standard pion-N-!
coupling [22] was used and all 3N diagrams of the same
order as Fig. 3(d) are included. We observe that the repul-
sive FM 3N contributions become significant with increas-
ing N and the resulting SPE structure is similar to that of
phenomenological forces, where the d3=2 orbital remains
high. Next, we calculate the SPEs from chiral low-
momentum interactions Vlow k, including the changes due

to the leading (N2LO) 3N forces in chiral EFT [23], see
Figs. 3(f)–3(h). We consider also the SPEs where 3N-force
contributions are only due to ! excitations [24]. The lead-
ing chiral 3N forces include the long-range two-pion-
exchange part, Fig. 3(f), which takes into account the
excitation to a ! and other resonances, plus shorter-range
3N interactions, Figs. 3(g) and 3(h), that have been con-
strained in few-nucleon systems [25]. The resulting SPEs
in Fig. 2(d) demonstrate that the long-range contributions
due to ! excitations dominate the changes in the SPE
evolution and the effects of shorter-range 3N interactions
are smaller. We point out that 3N forces play a key role for
the magic number N ¼ 14 between d5=2 and s1=2 [26], and
that they enlarge theN ¼ 16 gap between s1=2 and d3=2 [5].
The contributions from Figs. 3(f)–3(h) (plus all ex-

change terms) to the monopole components take into ac-
count the normal-ordered two-body parts of 3N forces,
where one of the nucleons is summed over all nucleons
in the core. This is also motivated by recent coupled-cluster
calculations [27], where residual 3N forces between three
valence states were found to be small. In addition, the
effects of 3N forces among three valence neutrons should
be generally weaker due to the Pauli principle.
Finally, we take into account many-body correlations by

diagonalization in the valence space. The resulting ground-
state energies of the oxygen isotopes are presented in
Fig. 4. Figure 4(a) (based on phenomenological forces)
implies that many-body correlations do not change our
picture developed from the SPEs: The energy decreases
to N ¼ 16, but the d3=2 neutrons added out to N ¼ 20

FIG. 3 (color online). Processes involving 3N contributions.
The external lines are valence neutrons. The dashed and thick
lines denote pions and ! excitations, respectively. Nucleon-hole
lines are indicated by downward arrows. The leading chiral 3N
forces include the long-range two-pion-exchange parts, diagram
(f), which take into account the excitation to a ! and other
resonances, plus shorter-range one-pion exchange, diagram (g),
and 3N contact interactions, diagram (h).
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(d)  Schematic picture of two-
       valence-neutron interaction
       induced from 3N force

FIG. 4 (color online). Ground-state energies of oxygen isotopes measured from 16O, including experimental values of the bound 16–
24 O. Energies obtained from (a) phenomenological forces SDPF-M [13] and USD-B [14], (b) a Gmatrix and including FM 3N forces
due to ! excitations, and (c) from low-momentum interactions Vlow k and including chiral EFT 3N interactions at N2LO as well as only
due to ! excitations [25]. The changes due to 3N forces based on ! excitations are highlighted by the shaded areas. (d) Schematic
illustration of a two-valence-neutron interaction generated by 3N forces with a nucleon in the 16O core.
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FIG. 1. Upper panel: Momentum profile for the
6
He+n sys-

tem after one-neutron knockout from
8
He. The solid line

shows the calculated p-wave momentum profile. The arrow

indicates position of 3/2− resonance in
7
He. Lower panel:

Relative-energy spectrum for
6
He+n [2]. The solid line is the

result of an R-matrix fit to the data folded with the experi-

mental resolution [2].

(lower panel). The experimental momentum profile is

shown in the upper panel together with calculations for

different l-values. The solid curve shows the shape calcu-

lated with the relative contributions from s- and p-waves
as determined from the fit to the Efn spectrum [1].

The conclusion so far is thus that the shape of mo-

mentum profile allows a qualitative model-independent

analysis of the experimental data revealing contributions

from different angular momenta. With this in mind the

next step is to apply this method of analysis to
13
Be, a

case where there are still many open questions in the un-

derstanding of its structure. Before applying the momen-

tum profile analysis to the one-neutron knockout data

from
14
Be a short summary of the current literature on

13
Be is given.

There are three recent data sets for the unbound
13
Be

system with different interpretations of its ground-state

structure. From the data obtained at GANIL [4] it is

interpreted as a Breit-Wigner l=0 resonance, from the

one-neutron knockout data from
14
Be, measured at GSI,

as a virtual s-state [5], and, finally, it is interpreted as a

l=1 resonance from data obtained at RIKEN [6].

A major problem in interpretation originates in the

complex structure of neutron-rich beryllium isotopes. It

was enunciated already in 1976 that several observed

properties of the T=2, Iπ = 0
+

states of A = 12 nu-
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FIG. 2. Upper panel: Momentum profile of
9
Li+n system

after one-neutron knockout from
11
Li. The arrows indicate

the position of the virtual state and the p-wave resonance in
10
Li. The calculated s-(dashed), p-(dotted) and d-wave( dash-

dotted) momentum profiles are shown together with a solid

line determined from the s to p ratio derived from the data

in the lower panel. Lower panel: Relative-energy spectrum

for
9
Li+n [1]. The different contributions from a R-matrix

fit to the data, folded with the experimental resolution, are

shown as dashed (virtual s-state) and dotted (p-wave reso-

nance) lines with a solid line as their sum).

clei favor a model of the
12
Be ground-state wavefunction

in which only small fractions of the states belong to the

lowest shell-model configuration [7], according to

12Be(g.s.) = α[10Be⊗ (1s1/2)
2
] +

β[10Be⊗ (0p1/2)
2
] + γ[10Be⊗ (0d5/2)

2
]. (1)

Here
10
Be forms an inert core with a closed 0p3/2 neu-

tron shell. This conjecture has actually been confirmed

in a series of recent experiments [8–12]. In Ref. [8] it

was found that N = 8 is not a good closed shell for
12
Be

since it contains a major (s2 − d2) intruder configura-

tion. This breakdown of the N=8 shell is also expected

theoretically [13–19].

Single- or multi-nucleon transfer-reaction experiments

have revealed excited states at about 2 and 5 MeV above

the neutron-emission threshold in
13
Be [20–23]. These

two states are narrow with widths Γ1 = 0.3(2) MeV and

Γ2 = 0.4(2) MeV, respectively [21], with the 2 MeV

state assigned to have Iπ = 5/2+. There are, how-

ever, two 5/2+ states expected for
13
Be [24]. The lowest

(5/2+1 ) is predicted to contain a large component with

single-particle structure [
12
Be(0

+
1 ) ⊗ (0d5/2)] while the

second (5/2+2 ) state should contain a large contribution

Jlab 

GSI 

T. Neff 

Otsuka et al. 



Deviation from the independent-particle picture: 

Correlations: Configuration mixing,  

                     Coupling to collective phonons  

        Short-range and tensor correlations  

           → high momenta 

→ reduced single-particle strength  

         (occupations, spectroscopic factors) 

Single-particle structure and correlations 

Ingo 
Sick 



Single-particle cross sections  
Quenching for neutron-proton asymmetric nuclei  

strongly bound 
nucleons 

? 

Origin 
unclear 

? 

Figure from Alexandra Gade, Phys. Rev. C 77, 044306 (2008) 

weakly bound 
nucleons 



Correlations in asymmetric nuclei and nuclear matter 

Subedi et al. 

protons 

neutrons 

ρ = 0.32 fm−3 

ρ = 0.16 fm−3 

Electron-induced 
knockout (JLab) 



Experimental setup: LAND/R3B@GSI 

φ1 

θ1 

θ2 

NaI	  crystal	  

NaI	  crystal	  

-162 20cm long NaI
(Tl) crystals 
 
- 4π gammas  

-2π light particles 

- Six DSSDs for tracking  
 
- resolution: Δx ~ 100 µm 

Ebeam 
 
 
~ 400 AMeV 



Quasi-free scattering with exotic nuclei:17Ne(p,2p)15O+p 
 The two-proton Halo (?) nucleus 17Ne 

Nucleus of interest Excited Fragment 

A 

A-1 

Free Target Proton 

Recoil   q 

Photon(s) 

Bound Proton 

Separation Energy 

0121 TTTTE AS −++= −

Internal Momentum 

0211 ppppq A −+=−= −

q 

p,n,d,t,... 

Evaporation 

0 

1 

2 

Scattered Protons: 
 
•  ≈ opposite ϕ angles 
•  opening angle ≈ 90°  

Pilot experiments with 12C, 17Ne and Ni isotopes 
already performed at the LAND-R3B setup are 
under analysis … 

Angular Correlations measured with Si-strip 
detectors for      17Ne(p,2p)15O+p 
 
 Δθ~180°, Δφ~83° (sim. as for free pp scattering) 

17Ne, Felix Wamers, PhD thesis 



Benchmark experiment: 12C(p,2p) in inverse kinematics 

M. Yosoi, PhD Thesis, 2003,  
Kyoto University 

Fragments produced in 12C(p,2p)  

Reconstructed excitation 
energy of 11B 

Eγ (MeV) 

Jon Taylor, PhD thesis, 

Univ. of Liverpool 

Valeri Panin, PhD thesis,  

TU Darmstadt 

knockout from p-shell 

knock-out from s-shell 

R3B preliminary data 2011, unpublished 
MeV 



Relative population of p-hole states 
 12C(p,2p)11B 

principle, since the inner l=0 orbital is more localized in the nucleus then the outer l=1

orbital, however the absorption effect should be considered as well.

Population of the hole states. The quasi-free knockout of a nucleon from the valence

p-shell in 12C results in populating either the ground state or the low-lying excited states

of the reaction residue. Such low-lying states are observed in the γ-ray spectra measured

in coincidence with the 12C(p, 2p)11B or 12C(p, pn)11C reactions. Only the two first excited

states could be observed for both cases in the present measurements, hence the total (proton

or neutron) p-shell cross section can be fully attributed to these two levels and to the ground

state. The measured relative populations of the low-lying p-hole states in 11B from the
12C(p, 2p)11B reaction are compared in figure 5.1 with relative spectroscopic factors (SF)

obtained in other experiments (the data is taken from [7]). It must be noted, that the

results from the compared (p,2p) experiment [62] were obtained in symmetric experimental

geometry using a 100 MeV proton beam. This energy is usually considered to be too low for

QFS experiments, since the results can be severely affected by the nuclear absorption. The

relative SF values from the (d,3He) [63] experiment are also somewhat arguable, because the

corresponding absolute values are too large and they were also discarded by Steenhoven [7].

  Ground state

       2.125 MeV
       5.02 MeV
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This work

He)3(d,

Cohen-Kurath

Figure 5.1: The relative populations of the three p-hole states in 11B are compared with

the relative spectroscopic factors obtained from (e,e’p), (p,2p) and (d,3He) experiments. A

comparison with the theoretical Cohen-Kurath calculations [7] is shown as well. The sum of

the relative values of all three states is unity in each case.

There is some discrepancy of the present measurements with the results of the (e,e’p)

experiment, which is believed to be the most trustworthy, namely, too high relative values

for the excited states and too low for the ground state. This can be partially explained by

the exclusion of the states at higher energies and by the drawbacks in the simulated response

of the Crystal Ball, e.g due to the lack of the aluminum housing of the crystals. Generally,

91

Valerii Panin, PhD thesis, 
TU Darmstadt (2012) 



Momentum Distributions 
 12C(p,2p)11B CHAPTER 4. ANALYSIS AND RESULTS
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Figure 4.20: Transverse recoil momentum distributions of residual 11B from 12C(p, 2p)11B

reaction. The distribution of Px has been fitted in limited range because of acceptance losses

in NTF along the dispersive X-axis of the magnet.

correlation with the second proton, one can determine the transverse Cartesian component

of the internal momentum applying the formula taken from reference [9]:

Py = Qk × sinθksin(ϕk − ϕi), (4.11)

where k and i denote respectively “knocked-out” and “incident” protons in the outgoing

channel, Qk is the total outgoing momentum of k-proton in the lab, θ and ϕ are measured

polar and azimuthal angles of the protons. Figure 4.21 presents the momentum reconstruction

for the QFS protons when 11B is observed in the final state.
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Figure 4.21: Total momentum of one proton (left figure) is measured at polar angle above

40◦. It is used for the reconstruction of the internal momentum (right figure). The obtained

momentum width is in a good agreement with the measurements of the recoil fragments.
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Fragment recoil momentum Reconstructed from proton measurement 

4.4. MOMENTUM DISTRIBUTIONS
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Figure 4.22: Correlation of the internal momentum measured via QFS proton pairs against

the recoil momentum of 11B fragments from the same reaction. Left and right figures present

the kinematical simulation and the experimental measurements respectively. The fact that

protons are indistinguishable particles gives rise to the correlated and anti-correlated com-

ponents of the cross-like distribution.
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Figure 4.23: Internal momentum distribution of deeply bound protons reconstructed via

measurement of QFS proton pairs, when anything but 11B is observed in outgoing channel.

The resulting internal momentum width of 105.3±0.4 MeV/c (figure 4.21b) agrees well

with the direct measurement of the recoil momentum (compare to figure 4.20) and reflects

the internal motion of protons occupying the p-shell in 12C. Both types of measurements

can be cross-checked by plotting the recoil momentum of 11B against the internal momentum

measured via the proton pairs (figure 4.22a). A clear correlation between the two measure-

ments is also in agreement with the simulation. This validates both approaches as well as
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4.4. MOMENTUM DISTRIBUTIONS
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measurement of QFS proton pairs, when anything but 11B is observed in outgoing channel.

The resulting internal momentum width of 105.3±0.4 MeV/c (figure 4.21b) agrees well

with the direct measurement of the recoil momentum (compare to figure 4.20) and reflects

the internal motion of protons occupying the p-shell in 12C. Both types of measurements

can be cross-checked by plotting the recoil momentum of 11B against the internal momentum

measured via the proton pairs (figure 4.22a). A clear correlation between the two measure-

ments is also in agreement with the simulation. This validates both approaches as well as
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Simulation Measurement 

Valerii Panin, PhD thesis, TU Darmstadt (2012) 



Selective one-proton knockout from  
core- and ‘Halo’- states in 17Ne 

Exclusive selection  
of knockout from  
‘halo’-states for the  
first time possible! 

16F (=15O+p) relative energy 

Good agreement with  
charge-radius measurement 
and FMD prediction of 
Geithner and Neff et al. 
PRL 101 (2008) 252502. 
and from 3b-model of  
Grigorenko,  
PRC 71 (2005) 051604(R). 

s-wave content of ~40% 
moderate halo character  
 
  

Felix Wamers, 
PhD thesis,  

TU Darmstadt 
R3B preliminary data 2011, unpublished 



The             Collaboration 



Summary 

•  Dipole response of n-rich nuclei – Pygmy Resonance	

      - Low-lying dipole strength observed in n-rich nuclei, ‘proton-Pygmy’ in 32Ar	

      - first attempt to extract n-skin thickness and density dependence of symmetry energy	

      - many open questions – next-generation experimental program planned at GSI, RIKEN,  	

                                              SDALINAC, HIγS, Osaka, …	

            systematics, strength and position as a function of N-Z (and mass)	

            isospin character (isoscalar dipole)	

            decay properties	

            relation to nuclear-matter properties	

            relation to observed low-lying strength for stable nuclei	

	
      extraction of quadrupole strength	


•  Quasi-free nucleon knockout in inverse kinematics	

      - QFS successfully applied in inverse kinematics	

      - Rich physics program: N-N correlations, shell structure, cluster structure, unbound nuclei	

•  R3B development towards FAIR 	

       - Technical Design Report for neutron detector NeuLAND and calorimeter CALIFA ready	

       - R3B hall ready for installation in 2017, start of R3B @ FAIR with Super FRS in 2018	

     	



